We report on the fabrication of porous GaAs (100) using three different acids, H 2 SO 4 , HF, and HCl, diluted in DMF based solutions. The mixture of H 2 SO 4 with DMF showed the best porous structures in comparison to other acids. The concentration of the DMF solution was then varied for a fixed concentration of H 2 SO 4 . It was apparent that the different concentration of the DMF solvent gave different types of morphology of the porous GaAs. Furthermore, a higher current density improved the uniformity of the pores distribution. The best porous GaAs exhibited well-defined circular shaped pores with high uniformity. To the best of our knowledge, such structure produced in such manner has never been reported so far. Finally, the optimum etching conditions of the pores were proposed.
Introduction
Porous GaAs has been identified as a potential substrate for promoting low threading dislocations and strain for overgrown epitaxial layer [1] . Producing porous GaAs in a well-defined structure with high pore distribution density is quite challenging. However, with rapid advancements in fabrication technology nowadays, it is possible to achieve high quality porous GaAs structure in a much simple and low cost manner. One possible way is to use electrochemical etching techniques with a proper electrolyte solution. So far, sulphuric acid (H 2 SO 4 ) [2, 3] , hydrochloric acid (HCl) [4, 5] , and hydrofluoric acid (HF) [6] [7] [8] have been used as the acid in the mixed solution for etching GaAs substrate. However, the quality of the reported porous GaAs is still far from perfection and it is not compatible to be used in subsequent growth for device fabrication.
We are aware that the choice of electrolyte solution is an essential factor for success etching processes and subsequently improving the structure of the pores. Note that improper electrolyte solution generally results in high oxidation that would limit the etching process. Dimethylformamide (DMF) is an organic solvent that is able to suppress the electrochemical oxidation of silicon (Si) [9] . In fact, such organic solvent has been widely used for achieving macroporous structure in p-type Si. Quite recently, Ghoshal et al. [10] has reported that the use of DMF has allowed a uniform distribution of macroporous of p-Si template useful for biosensing application. In addition, DMF offers a reasonable control on the pores dimension. If this technology were applied to GaAs, a number of novel innovations and applications can be explored further.
In this work, we investigate the optimum etching conditions for (100)-oriented GaAs. A number of GaAs samples were etched using different acids (which were mixed in DMF based solution), different concentration of DMF, and different applied current density. The etching process is performed by electrochemical etching technique as mentioned above. The effect of using different etching parameters on the morphological and structural properties of the porous GaAs samples was investigated. Finally, the optimum etching conditions for the best porous GaAs are proposed.
Materials and Methods
In this work, a number of bulk n-type GaAs (100) samples with the resistivity of 1.1-1.9 × 10 −3 Ω ⋅ cm and thickness 2 Journal of Nanomaterials of 325-375 m were used for making the porous structures. The electrochemical etching experiment was set up as shown in Figure 1 . The current density was varied between 25 and 350 mA/cm 2 . All the samples were etched within t = 10 minutes. Prior to the etching process, the samples were cleaned in two stages: (1) dipped in H 2 SO 4 : H 2 O 2 : H 2 O bath for 30 s and rinsed by deionized water for 5 min and (2) cleaned in HCL : H 2 O (1 : 1) solution for 2 min to remove the oxide film and subsequently rinsed by deionized water for 5 min. In this experiment, the optimal type of acid, DMF concentration, and applied current density will be identified so that the best porous GaAs structure can be expected. This has been done by characterizing the porous GaAs samples under field emission scanning electron microscopy (FESEM) with the magnification of 50,000x while the surface roughness was measured by atomic force microscopy (AFM) using tapping mode in a scan area of 10 m × 10 m. On the other hand, to determine the crystalline quality of each sample, X-ray diffraction (XRD) measurement by means of (002) rocking curve was carried out. The XRD measurement used Cu-K 1 as the radiation source with = 1.5406Å. Details of etching parameters are summarized in Table 1 . Figure 2 shows the surface images of porous GaAs etched with different etching solutions. It can be seen that the mixed solutions of HF : DMF and HCl : DMF do not show promising results compared to H 2 SO 4 : DMF of the porous GaAs structure. Detailed justification of this behaviour is not well understood but we suspect that the anion charge from H 2 SO 4 may play a role. It is reasonable to suggest that GaAs bonding was being attacked more by SO 4 2− ion than F − and Cl − ions because the SO 4 2− ion has two extra electrons, which helps to promote more etching activity. In addition to that, H 2 SO 4 has stronger acidity compared to the other two acids due to high concentration of H + ions and this might have enhanced the etching process.
Results and Discussions

Identify the Optimum Acid.
Identify the Optimum DMF Concentration.
In the subsequent experiment, the current density was increased up to 250 mA/cm 2 as a means to improve the porous structure of the GaAs samples. At this stage, the GaAs samples were etched at different concentration of DMF and the results are shown in Figure 3 . It is clearly seen that all the samples exhibit mesoporous-like structures on the surfaces. The overall reaction that occurred during the electrochemical etching could be expressed as follows:
Journal of Nanomaterials Figure 3(a) shows that the porous GaAs etched in H 2 SO 4 : DMF solution with ratio of 1 : 1. The porous structure starts to form; however, this particular solution is not strong enough to promote deeper pores. When the ratio of DMF was increased, there is significant change in the uniformity and pore sizes. Under this condition, the etching process enhances creating more and deeper pores. Hence, more dissolution will occur with higher concentration of DMF to promote uniformed pore distributions on the surface. However, when the concentration of DMF is giving a further increased, no more significant changes are observed. This may be due to the fact that higher concentration of DMF would lead to higher H-passivation that gradually reduces the conductivity and dielectric constant of the electrolyte, therefore, slowing down the etching process [9] . It is worth highlighting that our porous GaAs samples are having well-defined circular shaped pores with high uniform distribution on the surface. Such structure has never been reported so far. Next, the roughness of the porous GaAs samples was determined using AFM measurements. Figure 4 shows the morphology of the porous GaAs samples. The result of the bulk GaAs is included for comparison. The root mean square (rms) values for the bulk, sample D, sample E, and sample F are 2.3 nm, 112.0 nm, 52.8 nm, and 36.7 nm, respectively. Apparently, the bulk sample has the lowest roughness than the porous sample and this is expected since the etching process would typically cause roughness on the surface. Note that, the surface roughness of the porous GaAs decreases as the DMF ratio increases. This result may relate to the smaller remaining GaAs nanocrystals on the surface (please refer to Figure 3(c) ). In this measurement, we also measured the depth of porous GaAs samples. The average depths of porous GaAs for samples D, E, and F are 400 nm, 500 nm, and 200 nm, respectively. These results imply that the Hpassivation starts to occur when the concentration composition of DMF is beyond the optimum level.
The structural quality of the porous GaAs samples was determined using the full width half maximum (FWHM) of XRD rocking curve (002). The result is shown in Figure 5 . In general, the FWHM of the porous GaAs are larger than the bulk GaAs. Such behaviour is also typically observed in porous GaN [11] . This arises from the formation of nonstoichiometric Ga-or As-rich surface, incorporation of impurity, or surface defects during etching. However, among the porous GaAs sample, it is shown that the porous GaAs with DMF : H 2 SO 4 ratio of 1 : 3 has the lowest value, indicating that this solution is the optimum electrolyte parameter for the porous GaAs.
Identify the Optimum Current
Density. The effect of using different applied current density on the surface morphology of porous GaAs was further investigated. Figure 6 shows the images of porous GaAs with different current density. Clearly, a uniform distribution of pores is obtained with current density of 250 mA/cm 2 compared to a lower current density of 25 mA/cm 2 . As expected, higher current will inject more holes towards the surface and, subsequently, more pores will be formed. Further increase in the current density causes more surface damages and roughness. Besides, no significant improvement was observed. To further increase the conductivity, the contacts between the GaAs sample and the Al plate were improved by introducing a thin Al-film. The result is shown in Figure 6(d) . Obviously, a uniform shape of pores is expected. Such technique helps to improve the current conductivity during the etching process. The rocking curve (RC) from (002) XRD measurement of the sample shows a smaller FWHM (0.019 ∘ ). This value is almost comparable to the bulk sample. Such porous GaAs sample is suitable to be used as a template/substrate for the overgrown epitaxy as well as being beneficial to be adopted in advanced fabrication of nanostructures.
Conclusions
To conclude, the etching solution of H 2 SO 4 : DMF with the ratio of 1 : 3 under 250 mA/cm 2 promotes better morphological properties of porous GaAs. In addition to that, an increase in current conductivity shows better formation of the porous GaAs structures. We propose that the best porous GaAs shown in our work has great potential to be used in advanced semiconductor epitaxy and nanostructure technologies. 
